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Abstract 
The supply intermittency of energy sources like solar energy or industrial waste heat should be 
properly addressed when studying latent heat thermal energy storage (TES) systems, since it 
might cause an incomplete melting/solidification of phase change materials (PCM). In the 
present paper, and experimental study was performed to analyse the storage period (also known 
as stand-by period) in a latent heat TES system working under partial load operating conditions 
and the effect of its duration on the subsequent discharging process. In the experimental set-up, 
99.5 kg of high density polyethylene (HDPE) was used as PCM in a 0.154 m3 storage tank 
based on the shell-and-tube heat exchanger concept. Four different percentages of charge were 
evaluated: 58%, 73%, 83% (partial charge), and 97% (full charge). Each charging level was 
followed by three different periods of storage: 25 min, 60 min, and 120 min. The fact of 
working at different levels of charge caused that in some regions of the TES system the PCM 
was not completely melted. Thus, at the end of the charging process different levels of thermal 
homogenisation were observed. However, during the storage period, the PCM temperature 
showed a tendency to homogenisation, which was influenced by the energy distribution within 
the PCM, the heat losses, and the duration of the storage period. Focusing on the discharging 
period, it was observed that the duration of the storage period slightly affected the temperature 
and heat transfer profiles, causing the main differences of performance during the first 30 min of 
process. 
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Cp Specific heat, J/kgꞏK 
E Energy, J or kWh 
h Enthalpy, J/kg or kWh/kg 
m Mass, kg 
𝑚 Mass flow rate, kg/s 
R Function that depends on the measured parameters 
t Time, s 
T Temperature, ºC 
V Volume, m3 
w Uncertainties associated to the independent parameters 
W Estimated uncertainty in the final result 
x Independent measured variables 
𝜌 Density, kg/m3 















Central part of the storage tank when it refers to the PCM 
Inlet of the storage tank when it refers to the HTF 
Initial time of the storage process 
Insulation 
Losses 
m Melting  
n Control volume 












DSC Differential scanning calorimeter 
HDPE High density polyethylene 
HTF  Heat transfer fluid 
HTR Heat transfer rate 
MF Melt fraction 
PCM Phase change material 
RAE Ratio of accumulated energy  




1 Introduction  
 
Reducing greenhouse gases emissions and therefore, fighting against climate change, which is 
responsible of several catastrophes around the world, implies shifting towards a more 
sustainable society. This means that households, industries, governments, etc. must find an 
equilibrium between economic prosperity, technological competitiveness, and environment 
benefits. Two of the easiest actions which can be carried out to achieve such equilibrium are the 
deployment of renewable energies and the reuse of wastes. From the thermal energy point of 
view, the main targets for this deployment are solar energy and industrial waste heat (IWH) use, 
due to their high availability and energy potential [1,2]. However, they have a major drawback 
which limits their harnessing, the intermittency in their thermal energy supply. As a 
consequence, mismatches between energy supply and demand might occur and therefore, the 
thermal process associated to them might be forced to work under partial load operating 
conditions.  
 
Thermal energy storage (TES) is a key technology that can address the intermittency of both 
solar energy and IWH and thus, helping to the reliability of the system. Moreover, TES allows 
increasing the facility generation capacity by taking advantage of the thermal energy excess 
during low-demand periods, and increasing the versatility of the system by levelling peak load 
demand periods and achieving off-peak consumption [3]. The basic principle of TES is the 
storage of energy from a heat supply to be further used by a heat sink, usually through an 
intermediate heat transfer fluid (HTF). A full TES cycle involves the processes of charge, 
storage, and discharge. Thus, the heat obtained from the TES system during the discharging 
process not only depends on how the energy was supplied into the system during the charging 
process, but also depends on the behaviour of the TES system during the storage process. 
Among the different TES technologies, latent heat TES is considered one of the most promising 
due to its high energy density [4]. For example, during the phase change of 1 kg of ice, about 
334 kJ of energy can be stored. On the contrary, if the same amount of energy is required to be 
stored in the sensible form, the water storage system would require a temperature gradient of 79 
ºC, which can cause problems with heat losses, stratification control, etc. [5]. Several studies 
were carried out in order to optimize and maximize the operation of latent heat TES systems, 
focusing on evaluating the influence of the HTF mass flow rate, HTF inlet temperature, PCM 
melting temperature, number of PCM in multiple PCM configurations, PCM effective thermal 
conductivity, TES system dimension, sensible heating, and subcooling [6]. However, the gross 
majority of those studies did not take into account two important considerations. On one hand, 
the storage period between the charging and discharging processes, since these studies are 
mainly focused on the charge and discharge, either as separate processes or as continuous 
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processes [7,8]. On the other hand, working under partial load operating conditions, which 
might lead the PCM to be partially charged/discharged and, as a consequence, to not fully 
undergo phase change [9]. Thus, the aim of this paper is to study if the variation of the duration 
of the storage period (also known as stand-by period) in a latent heat TES system which has 
been previously partially or totally charged has any influence on the subsequent discharging 
process.  
 
For the storage process it is important to be properly evaluated since the thermal distribution at 
the end of the preceding process (either charge or discharge) may be different than the thermal 
distribution at the beginning of the subsequent process, especially in partially 
charged/discharged latent TES systems. To the best of the authors knowledge, only four studies 
did an attempt to evaluate the storage process after interrupting a charging/discharging process. 
Toksoy and Ilken [10] observed, with a mathematical model, that in a storage process which 
followed an interrupted freezing process, the phase change process continued until the 
temperature distribution in the whole system became uniform. Similarly, Bejarano et al. [11] 
performed a series of partial charging/discharging operations with a short storage period. 
Results showed that during the storage period the PCM continued storing/releasing energy 
because of the thermal inertia of the intermediate fluid. Hence, it is important that both, the 
temperature distribution due to the temperature gradient within the TES material and the heat 
losses to the surroundings, are properly taken into account during the storage period. Following 
this idea, Jegadheeswaran et al. [12] stated that the storage period required in a TES system has 
a high influence on its final thermo-economic analysis results. Another study carried out by 
Hirano [13] evaluated the behaviour of a latent heat TES system, after being fully charged, 
under three different storage periods (36 h, 7 days, and 2 months). They observed that after two-
month-period storage, about 40% of the input energy was lost and 10% of it was due to the 
cooling operation for nucleation. Moreover, they observed that the temperature of the storage 
tank showed a tendency to homogenise to the ambient temperature, as a result of the heat losses. 
It has to be mentioned that most of the research which studied the temperature distribution and 
heat losses within a TES system were mainly focused on sensible TES materials, such as packed 
beds [14], water [15] or molten salts [17].  
 
As mentioned above, partial load operating conditions are very likely to happen in real thermal 
processes where PCMs are used and, therefore, incomplete melting and/or freezing cases may 
still occur. This is even more sensitive in PCM which present specific effects such as hysteresis 
and/or subcooling [17,18]. There is currently no consensus on how to address in numerical 
models the transition between heating and cooling in TES systems working under partial load 
operating conditions from the enthalpy-temperature curve point of view. Four different 
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methodologies are currently available in the literature defining how to model such transition in a 
partially melted/solidified PCM [19-22], highlighting the need for experimental studies which 
shed light on the matter and define the proper methodology of modelling. The first [19] and 
second [20] methodologies state that one can change from one curve to the other. The only 
difference is the slope of the change, either parallel to the curve in the sensible region [19] or 
without [20]. The third methodology [21] suggests to remain in the same curve. Finally, the 
fourth methodology [22] states that the curve is placed between the cooling and heating curves. 
Differential scanning calorimeter (DSC) analyses carried out by Li et al. [23] showed that the 
peak in melting process gradually decreased in incomplete phase change processes, and that the 
relationship of heat flow with temperature also showed a different behaviour. Bedecarrats et al. 
[24] and Avignon and Kummert [25] experimentally observed that interrupting heating/cooling 
processes before the PCM was completely melted or solidified also had an effect on the phase 
change temperature and on the degree of subcooling. Palomba et al. [26] noticed that the level 
of charge, or discharge, in incomplete phase change processes influenced their subsequent 
processes. Finally, in a previous study carried out by Gasia et al. [27], five percentage of charge 
(58%, 73%, 83%, 92%, and 97%) and their influence on the discharging process were evaluated 
in a latent heat TES system. Results from the experimentation showed that partially charging the 
TES system above 85% of its maximum energy capacity becomes a good option if the final 
application accepts a maximum decrease of discharging heat transfer rates of 10% if compared 
to the fully charged system. 
 
From the literature review, it is observed that there is still a lack of experimental results which 
evaluate the effect of the storage period duration in cyclic processes working under partial load 
operating conditions. Therefore, continuing the previous work [27], this paper analyses the 
influence that the duration of different storage periods (25 min, 60 min, and 120 min) after 
partially charged (charging levels of 58%, 73%, and 83%) and fully charged processes has on 
the same storage periods and on their subsequent discharging processes. 
 




High density polyethylene (HDPE) was the PCM used in this experimentation. Table 1 and 
Figure 1 summarize the main thermophysical properties of HDPE. Moreover, pilot plant 
analyses carried out in a previous study by Gasia et al. [27] showed that the melting process 
occurred between 127 °C and 136 °C and that the solidification occurred between 127 ºC and 
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different charging levels were evaluated, following the previous study carried out by Gasia et al. 
[27]. Hence, the charging processes were stopped after a period of time (∆tCH) which depended 
on the ratio of accumulated energy (RAE). This performance indicator defines the amount of 
energy accumulated in the PCM at a certain time interval in front of the theoretical maximum 
energy that can be stored by the PCM if fully charged. Therefore, the charging time was: 41 ± 1 
min (RAE 58%), 70 ± 1 min (RAE 73%), 150 ± 1 min (RAE 83%), and 1440 ± 5 min (RAE 
97%). These processes were followed by a storage period, in which no HTF recirculation within 
the storage tank took place. The duration of this period (∆tST) was a parameter defined by the 
authors of the current study. Three different storage periods were evaluated: 25 ± 1 min, 60 min 
± 1 min, and 120 ± 1 min. Authors tried to represent potential storage periods in processes 
working under partial load operating conditions, such as industrial and solar processes, which 
might need the heat from the latent heat TES system even though they are not completely 
charged. It should also be mentioned that 25 min was the minimum storage period required to 
carry out the change from charge to discharge, and vice versa, since it is the minimum time 
needed by the experimental facility to achieve the set-point temperatures in each process. 
Finally, the third stage of the cycle was the discharging process, where the energy stored in the 
system is recovered by recirculating HTF at an average temperature of 105 ± 2 ºC and a mass 
flow rate of 0.5 ± 0.01 kg/s. In that case, the process was finished when the PCM reached steady 
conditions. Each of the twelve whole charging-storage-discharging cycle carried out in the 
present study was repeated three times to demonstrate repeatability of the methodology and the 
experimental results, ending up with the realization of thirty-six complete cycles.  
 
Table 2. Set of experiments carried out in this study. 
Experiment RAE ∆tST  Experiment RAE ∆tST 
1 97% 25 ± 1 min  7 73% 25 ± 1 min  
2 97% 60 ± 1 min  8 73% 60 ± 1 min 
3 97% 120 ± 1min  9 73% 120 ± 1min 
4 83% 25 ± 1 min  10 58% 25 ± 1 min  
5 83% 60 ± 1 min  11 58% 60 ± 1 min 
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∆𝐸𝑙𝑜𝑠𝑠 ∆𝐸𝑃𝐶𝑀.𝑡𝑜𝑡𝑎𝑙 ∆𝐸𝐻𝑇𝐹 ∆𝐸𝑡𝑎𝑛𝑘 ∆𝐸𝑖𝑛𝑠 (6)
 
The HTF heat transfer rate at time “i” during the discharging processes that follows a storage 
period was calculated by means of Eq. 7: 
 
𝑄𝐻𝑇𝐹,𝑑𝑐ℎ,𝑖 𝑚𝐻𝑇𝐹,𝑖 𝐶𝑝𝐻𝑇𝐹,𝑖 ∆𝑇𝐻𝑇𝐹,𝑖𝑛 𝑜𝑢𝑡,𝑖 (7)
 
2.5 Uncertainty analysis 
  
An uncertainty analysis of the HTF heat transfer rate and the PCM accumulated energy of 
different charging and discharging processes was carried out in a previous study [27] to 
determine the precision and general validity of such results. In this paper, the uncertainty 
analysis is extended to include the storage period between a (partial) charge and the subsequent 
discharge of the latent heat TES system. Furthermore, the present analysis also includes an 
uncertainty analysis related to the energy variations in the HTF, the metal parts of the tank, the 
insulation, and the heat losses (for the storage period). 
 
Two types of uncertainties may be distinguished in the analysis (Table 3): uncertainties 
associated to experimentation and uncertainties associated to the thermos-physical properties of 




Table 3. Uncertainties of the different parameters involved in the analyses. 
Parameter Units Source Accuracy 
Temperature ºC Pt-100 1/5 DIN class B ± 0.2 
HTF flow rate l/h FUJI FCX-A2 V5 series transmitter ± 23.7  
HTF specific heat kJ/kgꞏºC From ref. [33] ± 0.054 
HTF density kg/m3 From ref. [33] ± 25.16 
HTF volume  % Estimated ± 3 
PCM mass kg Regular scale ± 0.28 
PCM volume m3 From manufacturer ± 0.0024 
PCM enthalpy kJ/kg Sensors from Mettler Toledo DSC-822e ± 3 
Insulation mass % From manufacturer ± 3 
Insulation specific heat % From manufacturer ± 3 
Metal parts volume % From manufacturer ± 3 
Metal parts specific heat % From manufacturer ± 3 
Metal parts density % From manufacturer ± 3 
 
Next, the influence of these uncertainties on the results was determined by means of Eq. 8 [34]. 
All uncertainties were calculated for the storage period, except for the HTF heat transfer rate, 















3 Results and discussion 
 
3.1 Repeatability  
 
Figure 4 shows the repeatability of different cycles for the cases with a storage period duration 
between charge and discharge of 60 min. Notice that only four cycles out of twelve are 
presented in this figure but it has to be mentioned that the remaining cycles also showed a 
similar tendency. On one hand, Figure 4a presents the evolution of the inlet HTF temperature 
during the charging (warm colours) and discharging processes (cold colours) for the four 
different RAE. In all cases the temperature follows practically the same trend with a delay of 
one to four minutes during the first 14 min of process (either charge or discharge) due to the 
differences in the stabilization process of the HTF temperature controller. At the moment the 
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observed. On one hand, during the first 10 min there was an increasing of temperatures on 
practically all PCM control volumes because of the thermal inertia of the HTF and the metal 
parts of the storage tank. This turned out into an increase of the energy available to be 
transferred to the PCM, which was at a lower temperature. On the other hand, from that moment 
on, a clear tendency to homogenization of temperatures, and therefore of the energy level, was 
observed. Energy from the PCM located at the main region was transferred to the PCM located 
at the central region and corners but also to insulation and lost to the environment (Table 4). 
During 120 min of storage, the average temperature of the PCM located at the main region 
decreased 5.5 ºC, while the average temperature of the PCM located at the central region and 
corners increased 0.4 ºC and 9.1 ºC, respectively. Moreover, the PCM that was under phase 
change at beginning of the storage showed temperature variations within the melting 
temperature range during the storage process, indicating that the melting front suffered a 
modification during the process, whose extend could not be quantified because of the current 
set-up acquisition methodology.  
 
For shorter periods of storage, a similar tendency was observed, being the variation of 
temperature and energy levels between the end of the charging process and the beginning of the 
discharging process smaller than the variation over the storage periods of 120 min. Focusing on 
the PCM distribution within the tank, it can be seen that the material located in the main region 
losses less energy to its surrounding, or even it is still absorbing energy at lower RAE, as a 
result of the above-mentioned influence of the thermal inertia of the HTF and the metal parts of 
the tank. This is translated to a less energy absorbed by the PCM in the corners, and therefore to 
a practically negligible temperature variation. Focusing on the energy released by the metal 
parts of the storage tank and by the HTF, it can be observed that shorter storage periods meant 
lower energy released to the PCM, and of course, lower heat losses to the surroundings. Finally, 
despite observing a decrease of the PCM weighted average temperature during the storage 
process, the variation of PCM energy did not show the same tendency, but it showed an 
increase. This reflects the influence of the sensible region on the temperature behaviour while 
the energy variation was mainly influenced by the latent region. 
 
When the RAE was increased (Figure 5b-5d and Table 5 to Table 7) some differences could be 
observed if compared to the process with a RAE 58% (Figure 5a). For the RAE 73% and the 
RAE 83%, a higher decrease of temperatures in the PCM located at the main and central regions 
and a higher increase of temperature in the PCM located in the corners was observed. However, 
it can be seen that at RAE 73% there was a change of tendency, and from this point on, the 
increase of temperature of the PCM located in the corners starts to be lower due to the increase 
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Table 4. Summary of the most important results during the storage process for a RAE 58%. 
Parameter* Units 
Storage period (∆tST) 
25 min 60 min 120 min 









Temperature variation of the 








Temperature variation of the 









Temperature variation of the 

















Energy variation of the PCM 
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Energy variation of the metal 
























*The percentage between parentheses shows the percentage variation during the storage process 





Table 5. Summary of the most important results during the storage process for a RAE 73%. 
Parameter 
 Storage period (∆tST) 
Units 25 min 60 min 120 min 









Temperature variation of the 
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Table 6. Summary of the most important results during the storage process for a RAE 83%. 
Parameter 
 Storage period (∆tST) 
Units 25 min 60 min 120 min 









Temperature variation of the 
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Table 7. Summary of the most important results during the storage process for a RAE 97%. 
Parameter 
 Storage period (∆tST) 
Units 25 min 60 min 120 min 
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3.3 Discharging process 
 
The influence of the storage period on the discharge process was evaluated from thermal and 
heat transfer rates points of view. Figure 6 shows the temperature evolution of the weighted 
average temperature of the PCM located in the three characteristic regions of the storage tank 
(Figure 2b), during the first 180 min of discharge. The first thing it can be observed is that the 
temperature profiles showed higher values when the previous charging processes were 
performed at higher RAE. This picture was the same in all three regions of the storage tank and 
independently of the storage period duration. The second thing that can be observed is that 
slight variations could be observed on the temperature profiles when the RAE was kept constant 
and only the storage period was modified. However, the influence of the storage period length is 
analysed in each region of the storage tank separately. If considering PCM located in the main 
region (Figure 6a), it can be seen that the discharging processes which were preceded by short 
storage periods (no matter which RAE was) presented higher average temperature values until 
one point (i.e: t=40 min in RAE 58% or t=80 min in RAE 73%), where this tendency is 
reversed. The instant where the change of tendency took place depended on the RAE of the 
previous charging period, being faster for lower RAE. The PCM located in the central region 
(Figure 6b) showed a similar temperature evolution than the previous case, but with slightly 
lower average values. However, the change of tendency depending on the storage period took 
place earlier in all cases. The higher homogenisation of temperatures existing in the latent TES 
system after a larger storage period causes its average temperature to reach faster the 
temperature of the HTF. The PCM located in the corners (Figure 6c) showed a behaviour totally 
different than the PCM located in the previous two regions. The first difference was that the 
temperature of the processes which were preceded by longer storage periods was higher, as 
observed in section 3.2. The second difference was that, due to their location far from the tubes 
bundle and the low thermal conductivity of the PCM, the discharge of energy is penalized in 
this region and its average temperature keeps increasing until one point, where the combination 
of heat losses and low temperature of the HTF cause the average PCM temperature to start 
decreasing. The high temperature homogenisation existing in the storage tank at the beginning 
of the discharging processes preceded by full charging processes (RAE 97%), which caused that 
there was no increase of temperatures at any moment of the process and that after 40 min, the 
temperatures started to decrease for the same reasoning than before. 
 
Figure 7 shows the evolution of the HTF heat transfer rate during the discharging processes for 
different storage periods (∆tST=25 min, 60 min, and 120 min) and preceded by charging 
processes at different energy levels (RAE 58%, RAE 73%, RAE 83%, and RAE 97%). Similar 
to the temperature profiles evolution, the length of the storage period slightly affected heat 
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transfer rates during the discharging process. As expected, higher heat transfer rate values were 
observed when the charging level of the preceding processes was higher. Focusing on such 
energy levels, it can be observed that when the TES system was partially charged at a RAE 58% 
(Figure 7a), the fact of extending the storage period from 25 min to 60 min and 120 min, caused 
differences in the average heat transfer values during the first 30 min of discharge between 3.6% 
and 9.9%, respectively. After that moment, the heat transfer profiles in all cases practically 
showed the same behaviour. When the TES system was partially charged at a RAE 73% (Figure 
7b), the first 30 min of the discharging processes which were preceded by storage periods of 60 
min and 120 showed differences up to 15.9% and 17.2%, respectively, if compared to the 
process preceded by a storage period of 25 min. The heat transfer rates of discharging processes 
which followed a process of partial charge at a RAE 83% (Figure 7c) showed small differences 
when the storage period lasted 60 min (3.7% if compared to a storage period of 25 min) but it 
significantly increased to 9.5% when the storage period was extended to 120 min. Finally, the 
high homogenisation existing after a full charging process (Figure 7d) caused that the influence 
of the storage period was practically null in the heat transfer rate profiles, observing differences 
of 2.5% between the process preceded by a 120-min storage period and the process preceded by 
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Table 8. Summary of the uncertainty analysis results, for a RAE 83% and a storage period of 60 minutes. 
Parameter  Units Value* 





Temperature variation of the 




Temperature variation of the 





Temperature variation of the 









Energy variation of the PCM 




Energy variation of the PCM 




Energy variation of the PCM 




Energy variation of the HTF ∆EHTF [kWh] 
± 0.004 
(± 5.5%) 
Energy variation of the metal 




Energy variation of the insulation ∆Eins [kWh] 
± 0.038 
(± 70.2%) 
Heat losses ∆Eloss [kWh] 
± 0.049 
(± 11.8%) 
HTF heat transfer rate 𝑄𝐻𝑇𝐹,𝑑𝑐ℎ [kW] 
± 0.54 
(± 6.1%) 
* The percentage between parentheses shows the relative uncertainty in relation to the value of the 
parameter during the process. 
 
Table 6 shows that the errors associated to the PCM temperature measurements are small 
compared to the PCM temperature variations in the different regions of the tank. The errors 
associated to the variations of the energy stored in the PCM are relatively high, but still much 
lower than the corresponding variations during the storage period. The highest relative 
uncertainty of the PCM energy variations corresponds to the central part of the tank (∆EPCM.in). 
The uncertainty of the energy variations of the HTF are in between the uncertainties of the PCM 
temperature and PCM energy, while the uncertainties of the metal parts of the storage tank and 
of the heat losses are comparable to that of the PCM energy. The only variable that has a 
relatively high uncertainty is the variation of the energy stored in the insulation. Thus, one has 
to pay more attention to the correct quantification of this variable. Finally, the uncertainty 
associated to the average HTF power during the first 30 minutes of discharge is also relatively 
low; nevertheless, they are comparable with the results obtained regarding the variation of the 





The experimental research presented in this paper aims at studying the influence of the duration 
of the storage period in a latent heat TES system which was partially charged on its subsequent 
discharging process. Three different storage periods were evaluated (25 min, 60 min, and 120 
min), which followed charging processes which were charged at different energy levels (58%, 
73%, 83% (partial charge), and 97% (full charge)). 
 
Results showed that during the storage periods which followed partially charged processes there 
was an energy homogenization process not only as a result of the temperature gradients existing 
within the different regions of the storage tank, but also as a result of the heat losses to the 
surroundings. When the storage period was increased, higher energy transference from the main 
region to the corners was observed. Due to the geometry of the TES system, it was desired that 
the energy was contained in the main region rather than in the corners, where the energy is more 
difficult to recover from. Moreover, heat losses were also increased no matter the value of the 
RAE. Therefore, the length of the storage period which follows an incomplete charge has an 
influence on the modification of the discharging process initial map. This is important for 
numerical models, since they usually consider at the beginning of the discharge the same map 
than the existing at the end of the charge. 
 
During the discharging process, it was observed that the length of the storage period had a 
higher influence when the RAE was intermediate (RAE 73%), and not that important for lower 
(RAE 58%) or higher values (RAE 97%). However, it can be stated that this effect is not very 
significant, and it only can be observed during the first 30 min of discharge as a result of the 
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